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ABSTRACT 
Transport properties of GaAs/δ<Mn>/GaAs/InxGa1-xAs/GaAs structures containing InxGa1-
xAs (х ≈ 0.2) quantum well (QW) and Mn delta layer (DL) with relatively high, about one Mn 
monolayer (ML) content, are studied. In these structures DL is separated from QW by GaAs 
spacer with the thickness ds = 2-5 nm. All structures possess a dielectric character of 
conductivity and demonstrate a maximum in the resistance temperature dependence Rxx(T) at the 
temperature ≈ 46К which is usually  associated with the Curie temperature TC of ferromagnetic 
(FM) transition in DL. However, it is found that the Hall effect concentration of holes pH in QW 
does not decrease below TC as one ordinary expects in similar systems. On the contrary, the 
dependence pH(T) experiences a minimum at T = 80-100 K depending on the  spacer thickness, 
then increases at low temperatures more strongly than ds is smaller and reaches a giant value pH 
= (1-2)⋅1013 cm-2. Obtained results are interpreted in the terms of magnetic proximity effect of 
DL on QW, leading to induce spin polarization of the holes in QW. Strong structural and 
magnetic disorder in DL and QW, leading to the phase segregation in them is taken into 
consideration. The high pH value is explained as a result of compensation of the positive sign 
normal Hall effect component by the negative sign anomalous Hall effect component. 
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I. INTRODUCTION 
Dilute magnetic semiconductors (DMSs) based on the elements of III-V groups (in 
particular, GaMnAs and GaMnSb) attract a heightened interest from the point of view of 
fundamental researches as a new class of materials in which semiconductor and magnetic 
properties are essentially interconnected [1, 2]. These materials are also of interest for spintronics 
application due to an important role of spin polarization of carriers in transport and optical 
phenomena and relatively high Curie temperatures T  in them [1-3]. Ferromagnet/semiconductor 
(FM/SC) hybrid structures [3] based on DMSs of 
c
III-V groups deserved a special attention due to 
their quite unusual magnetic and transport properties particularly caused by magnetic proximity 
effects which exerted a crucial influence in these systems [4-6].  
Heterostructures with combined FM and SC thin layers form a separate group of FM/SC 
hybrid structures. They demonstrate a quite unexpected behavior driven by the magnetic 
proximity effects due to the charge and spin densities redistribution between FM and SC layers. 
Last time, the structure with a single internal FM layer deposed near or inside the nonmagnetic 
SC quantum well (QW) forming the 2D channel of conductivity became a test system to study 
magnetic proximity effects. In Ref. [7] the photoluminescence (PL) polarization of 
Al0.4Ga0.6As/GaAs/Al0.4Ga0.6As structures with 0.5ML of FM type of MnAs placed at 5 nm from 
GaAs QW was investigated. It is important that these structures had a gate which allowed a 
shifting of holes from QW to FM layer. It was shown that the holes in QW are spin-polarized 
and that their degree of polarization strongly increases (from 0.4 till 6.3%) with increasing of the 
“pressing” gate voltage. In the control structures without FM layer the PL polarization was not 
observed. Induced PL polarization effect was recently observed in other structures, like 
GaAs/InxGa1-xAs/GaAs (х ≈ 0.2) containing Mn delta layer (DL) separated from the InGaAs QW 
by the GaAs spacer with the thickness ds = 3-5 nm [8]. It is clear that above mentioned results 
can hardly be explained by a simple tunneling of holes from QW to DL through the spacer, since 
even under a pressing voltage the depth of such tunneling does not exceed 1 nm (see Fig. 3a 
from [7]). 
Below we present detailed investigation of the temperature and concentration dependences 
of the transport properties of GaAs/δ<Mn>/GaAs/InxGa1-xAs/GaAs structures (х ≈ 0.2) with Mn 
DL remote from InGaAs QW by GaAs spacer of 2-5 nm width and with high Mn content up to 
NMn ≈ 1МL. The main goal of our study is to reveal the role of magnetic proximity effects on the 
Hall effect in these structures. Previously [9], we have found anomalous Hall effect (AHE) in 
similar structures indicating the spin-polarization of holes in QW. It was also established (see, 
for example, [10]) that AHE had not been connected with the penetration of Mn atoms inside 
QW due to their diffusing, but rather explained by an exchange interaction of holes with the 
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remote Mn atoms. Note that the Curie temperatures found in [9, 10] are equal to 30 – 40 K and 
correspond to the values observed in GaAs/Mn digital alloys [11, 12]. Inserting of DL directly 
into QW allows to significantly increase the Curie temperature up to TC ≈ 250 К [13]. However, 
the mobility of holes at such location of Mn layer is extremely low (2 - 5 cm2/V·s [13]) and the 
condition for the formation of 2D holes spectrum is broken [10]. Note also that ferromagnetism 
in transport properties of In0.75Ga0.25As/InAs/In0.75Ga0.25As structures with 2D holes spectrum 
was observed at temperatures less than 300 mK when internal FM layer had been removed from 
QW at more than 5 nm [14].  
We believe that in structures with relatively high Mn content studied in our work the direct 
influence of 2D holes in QW on the FM transition in DL is very small, while the peculiarities in 
the holes transport through the QW are induced by this transition. Note, at the Mn content near 
1ML the surface concentration of holes in DL should be ≈6⋅1014 cm-2 [13], when the typical 
concentration of holes in QW does not rise exceed 1012 cm-2. On the other hand, in usually 
studied GaAs based structures with Mn delta doping the Mn content does not exceed (0.5-0.6) 
ML [7, 8, 11-13].  
As regards the magnetism of the structures under consideration, the mutual influence of 
QW and FM layer is threefold. First, the quantum magnetic proximity effect (interpenetration of 
the wave function tails between QW and the FM layer) modifies the effective exchange between 
the local spins of magnetic ions in FM layer and polarizes the free carrier spins in QW [7]. 
Second, quantum fluctuations in QW stabilize magnetic order in FM layer, while suppressing the 
amplitude of the magnetic moment and the transition temperature with respect to those found 
within the mean-field estimates [15]. Third, electrostatic charge redistribution occurs between 
QW and the FM layer due to their different density of states and deepness; as a result, 
modification of the magnetic characteristics of FM layer occurs on purely classical grounds, 
even without quantum magnetic proximity effect [16]. 
As it was already mentioned, the long-range character of an interaction between FM layer 
and QW is difficult to explain only by an ordinary overlap of the (s,p) –like wave functions of 
the holes in QW with the d-like wave functions of Mn atoms in FM layer, because of a relatively 
small penetration depth of the hole wave function under the potential barrier formed by the 
spacer. Recently, however, it was shown that a thin layer of FM metal located into a bulk SC 
matrix induces quasi 2D spin-polarized collective states, thus a half-metallic type of an electron 
spectrum of the system is formed [5, 6]. These states (called also confinement states) have 
however rather extended character along the structure axis of growth because of their small 
binding energies, so they penetrate deep into the spacer and can reach QW. It can be shown that 
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hybridization of the confinement states with the one electron states in QW leads to their spin 
polarization, thus a spin splitting of holes induced by FM layer occurs in QW.   
Besides the effect of induced spin polarization of holes in QW there exist purely 
electrostatic effects of charge redistribution between these two sub-systems (for example, the 
Fermi energy decreasing in QW below FM transition in DL). Indeed, at the one-sided 
(asymmetric) doping of barriers layers the holes concentration in QW will be determined by a 
difference of Fermi energies (with respect to vacuum) in Mn DL and QW. So, DL plays a role of 
«floating gate» with respect to QW, which electric potential is determined by the Fermi level of 
the system. As a result, the shift down of the Fermi level ΔF in DL must be accompanied by a 
decreasing of concentration of holes in QW. 
It turned out, that studied structures demonstrate dielectric character of conductivity. 
Furthermore, the Hall concentration of holes pH in them does not fall under conditions of FM 
transition as should be expected and increases with the decreasing of the temperature reaching 
giant value pH ≥⋅1013 cm-2 for given type of QW at the holes mobility (10 – 50) cm2/V⋅s. 
Meanwhile, in control structures with quasi metallic character of conductivity (NMn ≈ 0.5 ML) 
the drop of pH is observed at the decreasing of temperature with the subsequent exit on a plateau.  
 
II. SAMPLES 
GaAs/δ<Mn>/GaAs/InxGa1-xAs/GaAs structures containing InxGa1-xAs (х ≈ 0.2) QW with 
thickness d ≈ 10 nm have been produced by MBE on semi-insulating (001) GaAs substrates at 
Department of Physics, University of Notre Dame (Fig. 1a). In these structures the DL with 
content of Mn NMn ≈ 1 ML was separated from QW by the spacer of different thicknesses: ds = 2, 
3 and 5 nm. While QW and surrounding layers were grown at the temperature ≈600oC, the DL 
and GaAs cap layer have been grown at 250 oC. Besides, for the compensation effects of QW 
depletion from the buffer side, the Be acceptor layer with ≈ 30 nm thickness and Be 
concentration about 1017 cm-3 has been also placed in the buffer separated from the sample by 
the spacer of about 5 nm thickness. Prepared structures were subjected by low-temperature 
annealing at 286 oC in N2 atmosphere during one hour. 
Structural properties of discussed systems were investigated by x-ray diffractometry [17]. 
This method has been previously used for the analysis of GaAs/Mn/GaAs/InxGa1-xAs/GaAs 
systems grown by metal-organic vapor phase epitaxy (MOVPE) at 450 oC and containing a 
distant broadened Mn layer with much lower Mn concentration [10]. The x-ray diffractometry 
allows to successfully determine both structural parameters of samples and characteristics of 
interfaces between layers. The profiles of the lattice parameter Δa/a variation in the growth 
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direction were measured and it was shown that for all three samples the interface of QW from 
the buffer was essentially sharper, than from opposite side of the Mn layer. The x-ray rocking 
curve and the depth profile Δa/a are shown for structure with ds = 3 nm in Fig. 1b and 1c, 
respectively. The QW thickness estimated from these data is about 8 nm in agreement with 
technologically specified 10 nm. 
The indium content in QW is in good agreement with that technologically specified (x = 
0.2) only for the sample with the biggest spacer thickness (ds = 5 nm): x = 0.198. For the 
structures with ds = 2 and 3 nm the x values calculated from Δa/a data turned out to be 
considerably smaller and diminish with the spacer thickness (0.156 and 0.142 for ds = 3 and 2 
nm, respectively). The probable reason for that is sufficiently high concentration of stacking 
faults originating on both sides from DL because the Mn content is close to the critical value NMn 
≈ 1 ML [18]. It was shown [18] that at such Mn content a high quality digital GaAs/Mn alloy 
could not be grown even at high thickness of GaAs spacer (17 ML). 
It is known that magnetic order of quasi-2D dimensional structures with a single DL is 
frequently detected from the study of temperature dependences of anomalous Hall effect and 
longitudinal resistance, since direct measurements of magnetization in these structures are 
difficult [13]. This is why in our work we pay attention to the transport properties of 
GaAs/δ<Mn>/GaAs/InxGa1-xAs/GaAs structures which were investigated in the temperature 
range 5 – 200 K and at magnetic fields up to 2.5 T with the samples of the double Hall cross 
shape with the width of conducting channel W = (1-1.5) mm and the distance between potential 
probes Lp = (2.5-3) mm. 
To reveal a role of the Mn content, the same measurements were performed for reference 
GaAs/Mn/GaAs/InxGa1-xAs/GaAs structures with NMn ≈ 0.5 ML and ds = 3 nm [10]. These 
structures possessed metallic (not activation) type of conductivity and high holes mobility (μ ≈ 
3000 cm2/V⋅s at Т = 5 K).  
 
III. RESULTS AND DISCUSSION 
A. The temperature dependence of resistance 
At first, let us consider obtained experimental results on the temperature dependence of the 
resistance Rxx(T). Fig. 2 shows the functions Rxx(T)/Rxx(200 K) for samples 1 – 3 with NMn ≈ 1 
ML and different spacer thicknesses ds = 2, 3 and 5 nm, respectively (curves 1 – 3). For 
comparison, the Rxx(T)/Rxx(200 K) dependence of the control sample 4 (NMn ≈ 0.5 ML and ds = 3 
nm) is also shown (curve 4). Unlike to the Rxx(T) dependence for the reference metallic sample, 
the resistance for the structures 1 – 3 with NMn ≈ 1 ML sharply increases with a decreasing of 
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temperature, indicating an insulating character of their conductivity. It should be noted that all 
Rxx(T) curves shown in Fig. 2 demonstrate a peculiarity at T= TR (either a maximum for samples 
2-4 or a shoulder for the most insulating sample 1, that is a common property of the III-Mn-V 
DMSs (see Ref. [2] ). The characteristic temperature TR is commonly associated with the 
temperature of FM transition in DMS and widely used to determine the Curie temperature TC ≈ 
TR [2,10,13,17]. In our case, for the samples with high Mn content (NMn ≈1ML) the temperature 
of Rxx(T) peculiarity does not depend on the spacer thickness ds within 10% accuracy and is 
equal to TR ≈ 46 K, while in the reference sample with moderate Mn content (NMn ≈ 0.5ML) this 
temperature is equal to TR ≈ 30 K. An insignificant dependence TR(ds) for the samples with a 
high Mn content reflects a relatively weak feedback of the holes in QW on the local spins in DL. 
The resistivity Rxx(T) is driven by two factors, i.e. the holes concentration p(T) and the 
holes mobility µ(T), respectively. Both these factors are sensitive to magnetic ordering and can 
exhibit significant anomalies near the FM transition point, so it is very difficult to extract the 
p(T) and µ(T) peculiarities separately only analyzing the Rxx(T) dependence. It is known for 
example, that near TC the scattering of holes on critical spin fluctuations leads to significant 
decrease of µ(T) [2], i.e. Rxx increases with the temperature lowering when T ≥ TC. Below TC spin 
fluctuations are frozen and the spin dependent part of µ(T) increases, i.e. Rxx(T) decreases at T ≤ 
TC under these conditions. On the other hand, the holes concentration p(T) can also be dependent 
on the FM ordering and at first glance, it seems to be natural to explain the increase of Rxx(T) 
below TC simply by a decrease of p(T) in QW, due to the Fermi level lowering inside DL in the 
FM regime in DL (see Ref.[16]). 
Really, according to calculations in Ref. [16], the FM state in a model of a single delta 
layer is expected to be strongly spin-polarized like the state of 2D FM half-metal, where the 
Fermi level significantly decreases below TC. Let us write an evident condition describing the 
holes redistribution between QW and DL in the simplest form: 
)/|)(|4/()/|(| 20
2
0 eFdpeFCpp ss Δ−≈Δ−= πκ ,                                (1) 
where p0 and p are the holes concentration in QW in the paramagnetic (PM) and FM half-metal 
regimes, respectively, Cs is capacity of the surface unit between DL and QW, ΔF is the Fermi 
level shift in FM half-metal regime, κ is permittivity, e is elementary charge. At small spacer 
thicknesses, ds ~ 1 nm, and at the Fermi level changing ΔF ~ -10 meV, the variation of holes 
concentration turns out essentially, Δp= p0 - p ~ 7⋅1011 cm-2. According to Eq.1, at ΔF increasing 
in FM half-metal regime the holes concentration p decreases, and for equal ΔF values the Rxx 
increasing due to the FM transition should be stronger for the thinner spacer, as it is seen from 
 7
Fig. 2. However, in our system the situation turns out to be much more complicated as follows 
from the Hall effect results. 
 
B. Hall effect measurements  
Fig. 3 shows the dependences of the holes concentration pH(T) for samples 1 and 3 (with ds 
= 2 and 5 nm) obtained from the Hall effect measurements. It is seen that above TR but at T < 200 
K, the dependence pH(T) experiences a minimum at some temperature T = TH > TR. The value TH 
≈ 110 K for the sample 1 with ds = 2 nm is higher than TH ≈ 80 K for the sample 3 with ds = 5 
nm. Besides, the increasing of pH(T) at T < TH is more strong in sample 1 than in sample 3. 
Furthermore, pH (T) only slightly decreases below TR and at low temperatures (Т ≈ 5 К) the pH 
value turns out to be huge, pH ≈ (1-2)⋅1013 cm-2. Such high value of 2D holes concentration was 
obtained in heterostructures on the basis of wide gap semiconductors like AlGaN/GaN and 
AlInN/GaN [20]. Our estimations for heterostructure with one-sided doping (triangle potential 
well) show that even for a 3D electron spectrum in QW at surface concentration of carriers in it 
equal to 2⋅1013 cm-2 the barrier exceeding ≈0.4 eV is required. It is not achieved for 
GaAs/InxGa1-xAs/GaAs heterostructures (at x ≤ 0.2 the barrier does not exceed 0.15 eV) in which 
the holes concentration in QW at helium temperatures does not exceed 1012 cm-2 [9, 10].  
We see a complete unlikelihood in the behavior of pH and a true concentration of holes p in 
our structures, since this contradicts to previously discussed Rxx(T) dependence. Moreover, it is 
also impossible to explain obtained values of pH by the contribution of conductivity inside DL, 
since the mobility of holes μ in our case is high enough. In particular, it is about 50 cm2/V⋅s for 
the structure with ds = 5 nm (see Fig. 3b), while in GaMnAs films [21] or in GaAs/AlGaAs 
heterostructures with DL inside the conducting channel [13] the value of μ does not exceed ≈5 
cm2/V⋅s. On the other hand, in the reference sample (NMn ≈ 0.5 ML) the holes concentration pH 
decreases at T < 60K reaching constant value pH ≈ 7⋅1011 cm-2 at T < TR ≈ 30 K (see Fig. 4), and 
at the same time the holes mobility increases up to ≈3⋅103 cm2/V⋅s. 
Let us come back to the Rxx(T) measurements. The inset to Fig. 2 the illustrates the 
logRxx(T) versus 1/T dependences for samples 1 and 3 with ds = 2 and 5 nm. We see that at high 
temperatures T > T0, where T0 ≈ 60K is some characteristic temperature, both samples 
demonstrate a pronounced activation type of conductivity. However, at temperatures T < T0 the 
activation energy εa determined as the slope of the logRxx(1/T) dependence sharply decreases. For 
the most insulating sample 1 the activation energy εa decreases from εa ≈ 16 meV at Т ≥ 90K to 
εa ≈ 0.05 meV at Т ≤ 25 K. Such behavior corresponds to a well-known mechanism of the 
percolation transport connected with an activation of carriers to the percolation level, which 
 8
becomes the hopping transport through localized states with temperature decrease [22]. 
Furthermore, near the transition to the hopping transport the minimum in the pH (T) dependence 
(i.e. the maximum in the Hall coefficient) is observed (see Figs. 4.2 and 4.5 in Ref. [22]). 
However, in our case the temperature TH corresponding to the minimum in the pH (T) 
dependence is essentially higher than TR, whereas in the normal SC system TH ≈ TR [22]. Note, 
the temperature T0 is close but not equal to TR, so we have three characteristic temperatures 
detected in the holes transport measurements: TR < T0 < TH. 
 
C. Evidence of the percolation type conductivity and phase separation 
Usually, at the insulating side of the percolation transition, the sample consists of metallic 
droplets, located in the minima of the potential relief and filled with carriers, separated by 
insulating barriers. In our system, this potential relief in QW reflects the long range fluctuations 
of potential provided by strong disorder of the Mn ions distribution in DL; this disorder is 
strengthened by the high content of stacking faults in the samples [18]. Since each Mn ion has 
the charge and local moment, there exist two components of such a relief, corresponding to the 
charge and spin fluctuations due to heterogeneity of the Mn positions. We presume that FM 
transition in DL accompanied by the Fermi level lowering inside DL (see Eq.1) serves a 
“trigger” to induce in QW a transition from the activation transport of holes on the percolation 
level to the hopping one. The switching between two types of transport is due to the decreasing 
of a “true” holes concentration in QW, the weakening of screening effect and the related gain of 
the “charge fluctuations” component of potential relief [23]. At the same time, the “spin 
fluctuations” component of potential relief while presumed to be small as compared to the 
“charge fluctuations” one, can slightly shift back the percolation transition due to the freezing of 
spin fluctuations in FM phase. 
The small values of activation energy of the hopping conductivity and relatively high 
effective mobility of the hopping carriers (≥10 cm2/V⋅s) show that metallic droplets in QW are of 
the mesoscopic size Dm with the holes localized inside them [22, 23]. The activation energy of 
the hopping conductivity is determined by the droplets charge energy (energy of Coulomb 
blockade), εc = e2/κDm, which is reduced due to the screening near the insulator–metal transition 
[24]. Following [24], we find the activation energy at hopping regime for the 2D case:  
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where xm is the content of metallic phase and xmc is its critical value corresponding to the 
percolation threshold (for the 2D case xmc = 0.5 [22]), Dd is the thickness of dielectric barriers 
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between the droplets (near the percolation threshold Dd << Dm). According to [23] we can 
estimate the Dd suggesting that at T ≈ T0 the probability wa ∼ exp(-εa/kBT) of thermal activation 
of holes to the percolation level becomes equal to their tunneling probability w
B
t ∼ exp(-2Dd/λ) 
between metallic droplets. Here λ = ħ/(2m ε* a)  is the length of the hole wave function decay 
under the barrier of the height ε
1/2
a. At T0 ≈ 60 K, εa ≈ 16 meV and m  = 0.14⋅m* 0 [25] we obtain Dd 
≈ *0 2/)2/( mTk aB εh  ≈ 6.4 nm. Using this value of Dd and the activation energy at the hopping 
regime εa ≈ 0.05 meV one can estimate from Eq. (2) the droplet size Dm ≈ 86 nm, i.e. in our case 
Dm >> Dd.  
The conductivity of the percolation type and large scale of electrical heterogeneity are 
confirmed by investigation of incoherent mesoscopic fluctuations of the non-diagonal 
component of a resistivity tensor Rxy [26]. Mesoscopic fluctuations of the Rxy reflect variation of 
the percolation path topology under the action of external factors (temperature, electrical and 
magnetic fields) and give the opportunity of direct experimental estimation of the correlation 
radius of the percolation cluster Lc [26, 27] which determines the scale of electrical 
inhomogeneity. In the case of large-scale fluctuation potential (FP) for the correlation radius we 
have from Ref. [28]: 
υδϕ
⎟⎟⎠
⎞
⎜⎜⎝
⎛=
Tk
AL
B
c ,                                                                       (3) 
where ν  is critical index of percolation theory (ν = 1.33 for 2D and ν = 0.83 for 3D [22]), δϕ  is 
FP amplitude, A is the typical FP spatial scale which in our case is equal to the droplet size (A ≈ 
Dm). Equation (3) is valid at low temperatures when the δϕ  value considerably exceeds kBT and 
L
B
c >> A ≈ Dm. Let us estimate Lc to compare with Dm value estimated above and to prove the 
model of long range FP. 
In a heterogeneous system such as the percolation medium, noticeable voltage is always 
present between the Hall probes even in the absence of magnetic field. This voltage is the 
product of asymmetry resistance Ra and longitudinal current Ix through the sample. To separate 
the components of  Hall resistance RH and Ra the measurements are carried out for two opposite 
directions of magnetic field, and their values are calculated as , 
 (here R
2/)]()([)( BRBRBR xyxyH −−=
2/)]()([)( BRBRBR xyxya −+= xy = Vy/Ix is transverse resistance). The Ra value varies not 
only due to magnetoresistive effect, but also due to reconstruction of the percolation cluster at 
the magnetic field action [27]. 
Fig. 5a shows the normalized dependences of asymmetry resistance Ra(B) and longitudinal 
resistance Rxx(B) on the magnetic field determined at T = 5 K for the structures 1 and 3 with ds = 
2 and 5 nm. It is seen that in the case of most dielectric sample 1 the dependences Ra(B) and 
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Rxx(B) have substantially different behavior reflecting the percolation character of conductivity. 
In the sample 3, regardless to similarity of Ra(B) and Rхх(B) dependences, the value Rxx varies 
with the field variation strongly than Ra, that it also an evidence of inhomogeneous current 
distribution in the sample. 
The observed deviation of Ra(B) from Rхх(B) can be interpreted as an effective shift of the 
Hall probes from each other [27]: 
δLа ≈ LpRa(0)/Rхх(0)[Ra(B)Rхх(0)/Ra(0)Rхх(B) – 1] ≈ Lc.                              (4) 
It must be emphasized that we refer to variation of the effective, rather than real, distance 
between the Hall probes which arises owing to reconstruction of percolation cluster and bending 
of the pathways of carrier transport (see insert in Fig. 5a). 
In Fig. 5b the dependences δLа(B) normalized to the distance between potential probes Lp 
are shown for the samples 1 (curves 1 and 1') and 3 (curves 2 and 2') at temperatures 5 and 100 
K. From these data we have found for the sample 1 at 100 K that Lc ~ 1 μm, i.e. Lc >> Dm and 
corresponds to δϕ ≈ 50 meV, as follows from Eq.3. For both samples δLа/Lp at Т = 5 K is 
significantly higher than at Т = 100 K, as it follows from Eq. 3. 
So, our structures are the percolation systems with phase separation close to insulator-metal 
transition (see [29] and reference therein) and contain two phases: large metallic droplets of size 
Dm separated by narrow insulating barriers of size Dd << Dm.  
 
D. Hall effect in percolation two-phase systems  
Magnetotransport properties of such system were theoretically studied in Ref. 30 and 
experimentally observed in Refs. [10, 31]. Let us discuss the properties of studied structures on 
the basis of the two-phase model. At the critical content of metallic phase xm, xm = xmc the infinite 
metallic cluster is formed, i.e. percolation transition occurs, which is characterized by the width 
Δt = |xmt - xmc| = (σd/σm)m, where σd, σm are conductivities of insulating and metal components of 
the medium, respectively, and m ≈ 0.385 for 2D case [30] (here and further σ  is the surface 
conductivity with the dimension (Ω/□)-1). At the transition region Δt (|xm - xmc| ≤ Δt) the effective 
conductivity σ(xm) of the system is determined by both components [30]. 
For the case of a hopping conductivity inside insulating regions σd << σm, and the Hall 
resistance of the insulating component RdH is much less than that of metallic component RmH 
owing to very small value of Hall effect under hopping regime [32]. At such conditions in the 
vicinity of the percolation threshold, the measured Hall resistance reads [31]: 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −≈ ARR
m
d
mHH σ
σ1 ,                                                              (5) 
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where 
)(2 m
md
x
A σ
σσ=  is a quantity of the order of unity in the Δt region (at insulating behaviour, A 
≥ 1). Relation (5) indicates that RH is determined by the metallic component if a sample 
resistance shows hopping behavior. The medium Hall mobility μ = σ⋅(RH/B) turns out to be 
reduced by ≈ (σd/σm)1/2 times compared to its value in metallic regions. That explains the small 
Hall mobility values µ for samples 1–3 compared to the value of the reference sample 4. While 
at intermediate temperatures when the activation transport of carriers at the percolation level 
dominates over the hopping one and Rd >> Rm, the measured Hall resistance RH exceeds RmH 
[31]: 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ +≈ A
R
RRR
mHm
dHd
mHH σ
σ1 .                                                             (6) 
However, at relatively high temperatures, the thermal energy (4·kBT) is comparable to the 
activation energy at the percolation level, R
B
dH ≈ RmH, and the measured Hall resistance RH tends 
to RmH. So, with the temperature growth the crossover from the hopping conductivity to the 
carriers transport at the percolation level passes and RH(T) should show maximum resulting in 
the minimum of an “apparent” concentration pH ∝ 1/RH(T), as it was observed (see Fig. 3a). 
 
E. Compensation of normal Hall effect by AHE, magnetization of DL and its interaction 
with QW  
The above presented analysis could not completely explain a high value of the holes 
concentration pH obtained in our experiment. On the one hand, to reach the value of pH = (1-
2)⋅1013 cm-2 the potential well depth should exceed 0.4 eV. On the other hand, this pH value 
should take place at the transition to hopping conductivity, i.e. at T = T0 ≈ 60 K (see Fig. 2), 
contrary as it was observed at T=TH ≈ 110 and 80 K for samples 1 and 3, respectively (see Fig. 
3a). Nevertheless, this analysis shows that the Hall effect in our system is mainly determined by 
metallic droplets. Therefore, the reason for a high value of pH is most likely connected not only 
with the shunting of the Hall effect voltage VH by the hopping conduction [22], but also with the 
VH compensation inside the droplets, and as a consequence with the small measured value of RH 
∝ RmH. Such compensation is possible due to the presence of normal and anomalous 
contributions of opposite signs to the Hall effect voltage. In this case we have 
MBRRR sm
a
mH
n
mHmH || ℜ−ℜ=+= ,                                                       (7) 
where  and  are normal and anomalous component of the Hall resistance inside metallic 
droplets, respectively,  is the normal Hall effect coefficient for 2D carriers, is the constant 
of anomalous Hall effect (AHE) caused by the spin-orbital interaction of holes and their spin 
n
mHR amHR
mℜ sℜ
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polarization proportional to magnetization M [33]. Under a not very strong field B when the 
moment saturation is not achieved, we have M ≅ χt⋅B, where χt (T) is the magnetic susceptibility 
in the direction perpendicular to DL. The measured Hall resistance is linear to the field, RmH /B = 
(  - χmℜ t | |), that can lead to significant difference between the holes concentration psℜ H(T) 
obtained from the Hall resistance measurements and the true holes concentration p(T). It was 
observed even a change of the sign of the Hall resistance in the helical itinerant ferromagnet 
MnSi where the paramagnetic component of AHE is negative, while the normal component of 
the Hall resistance is positive corresponding to the holes conductivity [34].  
An explanation of increased values of pH in our system as a result of compensation of 
normal and anomalous components of the Hall resistivity is supported by the following 
experimental observation. The AHE in structures 1 – 3 with dielectric type of conductivity is of 
negative sign. Really, in Fig. 6 the magnetic field dependences of the Hall resistance RH for the 
sample 1 (ds = 2 nm) are shown at different temperatures. The contribution of the component 
corresponding to the ferromagnetic AHE with negative sign (the negative FM component of 
AHE) to the total  dependence is evident at T= 30 K (curve 1) and at T= 50 K (curve 2). 
We see that the absolute value of the negative ferromagnetic component of AHE diminishes with 
the temperature increasing:  ≈ -3.5 Ω and  ≈ -2 Ω at T =30 K and T =50 K, 
respectively. This component almost disappears at T =60 K (  ≈ -0.7 Ω ) and at T = 100 K 
(curve 3) the  function linearly depends on the magnetic field that specifies a domination 
of the normal and/or anomalous paramagnetic components in the Hall effect. Note, that the 
negative sign of AHE is also observed for the reference sample 4 (N
a
mHR
)(BRH
a
mHR
a
mHR
a
mHR
)(BRH
Mn ≈ 0.5 ML) with metallic 
type of conductivity (see inset in Fig. 6). 
To explain an apparent discrepancy between the results of the conductivity and the Hall 
effect measurements we have to propose a self-consistent mechanism of influence of the 
magnetic ordering in DL on the variation of the holes concentrations p(T) and pH (T) in QW. We 
think that this influence is due to the above discussed magnetic proximity effect. Following our 
assumption, hybridization between the spin polarized confinement states in DL and the holes 
states in QW leads to significant perceptibility of the holes in QW to the structural and magnetic 
disorder in DL, being stronger than ds is smaller. It is known that in DMSs such disorder causes 
significant fluctuations of the Coulomb and exchange potentials and becomes inevitable at high 
Mn content.  
We presume that in our system charge and spin lateral fluctuations in DL are projected into 
QW due to the transverse redistribution of holes between DL and QW and quantum interference 
of the holes wave functions in DL and QW. In QW these fluctuations strongly modify the holes 
 13
transport and form a potential relief containing metallic droplets and insulating spacers between 
them, with characteristic sizes Dm and Dd, respectively. As it was mentioned above, there appear 
in our system three different characteristic temperatures in the holes transport in QW: TR ≈ 46 K, 
T0 ≈ 60 K and TH = 80 - 100 K. All these temperatures depend on the spacer thickness ds and in 
our opinion, they reflect different stages of magnetic ordering in DL. To qualitatively describe 
the process of this ordering we propose the following scenario. Let us suppose that there exist in 
DL strong quenched disorder in Mn ions distribution and significant self-compensation of 
carriers provided from different (substitution or interstitial) positions of Mn ions in the GaAs 
lattice. Both these factors can lead to phase segregation in DL and formation of Mn enriched 
nanometer sized “metallic” particles (“islands”) with the high holes concentration separated by 
nanometer sized Mn depleted “insulating” spacers (“bridges”) with the low holes concentration. 
As a result, this phase segregation is accompanied by long scale charge and spin lateral (“in 
plane”) fluctuations in DL. We presume that exchange coupling between the holes and local 
spins is strongly enhanced inside each “island” in DL, so that a short range FM order in it 
becomes favorable at the temperatures below some characteristic temperature Tloc ~ 100 K 
(called the temperature of “local FM transition”). Due to a smooth character of such transition it 
is very difficult to directly define the correct value of Tloc. But whenever, long range FM order 
does not appear in the system at T < Tloc, since orientations of the moments of different “islands” 
are chaotic. However, below Tloc under an external magnetic field there appears an alignment of 
these moments along the field, but the behavior of magnetization has paramagnetic character up 
to the fields of about several Tesla. Such high magnetic rigidity of the system of “islands” is 
probably due to the effect of their blocking by a strong field of magnetic anisotropy in DL. 
Besides the usual (i.e. relativistic) origin, such field may have an exchange origin, for example, 
be going on the antiferromagnetic (AFM) order in the Mn depleted insulating regions at the 
periphery of FM “island” (see Ref.[6]). Apparently, strong exchange field of magnetic 
anisotropy is responsible for the bias of a hysteresis loop of magnetization detected in our 
precedent experiments [35]. Unfortunately, in the absence of detailed and trustworthy magnetic 
measurements we are unable to correctly reveal a type of magnetic anisotropy in DL. However, 
we can roughly estimate the saturation field BBs in the system of uncorrelated FM “islands” 
suggesting that at B = BsB  the Zeeman energy of the “island” becomes equal to their energy of 
magnetic anisotropy: Ms⋅BBs ≈ K, where K is the bulk coefficient of magnetic anisotropy, Ms = 
meff⋅(NMn/δ) is the saturation magnetization of the “island”, meff is the effective moment per Mn 
atom, δ is the thickness of DL. In our case the surface concentration of Mn atoms NMn is equal to 
≈1 ML ≈ 6·10  cm  [15] and m14 -2 eff ≈ 1·µBB/Mn for DL with high Mn content [24]. So, for K ≈ 106 
erg/cm3 and δ ≈ 2 nm we obtain the value Bs ≈ 4 T, which appreciably exceeds the magnetic field 
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used in our experiments. Obviously, this value reflects the rigidity of the moments of FM 
“islands” over thermodynamic fluctuations and demonstrates the frozen character of these 
moments in the region of their existence T < Tloc in the absence of external influence. This is 
why we have no significant tracks of the “local FM transition” in the Rxx(T) measurements.  
The situation becomes more complex under an influence of external magnetic field. 
Following our assumption, the appearance of anomalous Hall effect component in the RH(T) is 
due to spin polarization of droplets and their orientation in applied magnetic field perpendicular 
to the DL plane. For the lack of neutron scattering [36] or XAS/XMCD [37] experimental 
studies we are unable to establish many crucial details the magnetic structure of DL. We can 
only roughly associate the observed minima in the dependence Hall concentration pH(T) at T = 
TH ≤ Tloc with the track of above discussed “local FM transition” in DL, where magnetization M 
≅ χt⋅B up to B ~ 1 T due to a strong rigidity of FM “islands” in DL. Under these conditions (at T 
≤ 100 K) the Hall resistance starts to fall, and so “apparent” holes concentration pH(T) increases 
according Eq.(7) due to the χt growth caused by the presence of FM “islands”, more strongly 
than ds is smaller and the holes spin polarization is higher. 
Up to now we composed our scenario in terms of non-interacting FM “islands” inside DL. 
Let us presume, however, that at low temperatures some mechanism of exchange coupling 
between the moments of different FM “islands” separated by insulating “bridges” asserts oneself 
(for example, percolation type mechanism of indirect exchange through a narrow impurity band 
[38]). An effective field of this exchange overcomes the blocking effect and aligns the moments 
of FM “islands” thus enhancing a tendency to their parallel orientation. In frame of a simple 
isotropic 2D Heisenberg model we can introduce magnetic correlation length ζ(T) and write ζ(T) 
~ Dd/(1-TC/T)1/2 at T >> TC (paramagnetic regime) and ζ(T) ~ Dd/exp(πTC/T) at T << TC 
(crossover regime) where TC is the Curie temperature obtained within the mean field approach 
[39]. Since the true long range FM order is absent in this model at non zero temperatures, the 
temperature TC can be interpreted as the characteristic temperature Tglob of “global FM 
transition” in the system of correlated FM “islands”, where the magnetic susceptibility χt(T) ~ 
ζ2(T) exhibits a crossover from the power type of temperature dependence to the exponential one. 
By this way, for our system we can roughly identify the temperatures TC and Tglob; obviously, in 
frame of this conception we have to postulate that Tglob << Tloc. The manifestation of “global FM 
transition” in DL at T=Tglob is reflected in the Rxx(T) measurements in QW in form of a smooth 
peak near T = TC. Strictly speaking, spontaneous magnetization does not formally exist below 
Tglob and so, the ferromagnetic component of the anomalous Hall effect does not appear at T < 
TC, while the paramagnetic component proportional to the external magnetic field exists at T > 
TC up to sufficiently strong fields about of 1 T. Nevertheless, if the correlation length ζ(T) 
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exceeds the characteristic size Dm of the “island” that is possible in the crossover regime, the 
manifestation of such (formally “short range”) quasi-parallel ordering of FM “islands” in DL 
leads to simulate small and smooth ferromagnetic component of the anomalous Hall effect in 
QW(see Fig. 6). In principle, if we allow into our scenario a small Ising-like magnetic anisotropy 
probably existing in DL, we should expect a low temperature singularity in χt(T) at T = T0 and 
appearance of a true spontaneous magnetization below T0, where T0 ~TC/ln2(π2J/K) << TC is the 
temperature of long range FM order, J and K are, respectively, isotropic and anisotropic 
components of an exchange integral between “islands” (J >> K). This anisotropy may also cause 
a manifestation of small and smooth ferromagnetic components of the anomalous Hall effect 
observed at low temperature. Unfortunately, without detailed magnetic measurements we have 
only uncertain hints at the tiny effects of magnetic anisotropy in our system. 
 
IV. CONCLUSION 
Above obtained experimental results clearly demonstrate that the peculiarities of the Hall 
effect in GaAs/δ<Mn>/GaAs/InxGa1-xAs/GaAs structures with high Mn content are strongly 
connected with the magnetic proximity effect between DL and QW. They are caused by an 
absence of homogeneity of the DL due to the lateral and transversal disorder in the Mn ions 
distribution. All structures possess a dielectric character of conductivity and show the maximum 
or shoulder in the temperature dependence of resistance Rxx(T) at the temperature TR ≈ 46 К, 
which is associated with the Curie temperature TC of FM transition in DL. The holes transport in 
QW has the percolation character and clearly demonstrates a transition to the hopping transport 
below TC. We observe in the dependence of the Hall effect concentration pH(T) a minimum at 
some T = TH = 80- 100 K which value is more than less spacer thickness in QW structures. 
Furthermore, the increasing of pH at T < TH more strongly than ds smaller and reach high values 
рH ≈ (1-2)⋅1013 сm-2 at temperatures below TR ≈ 46 К. 
We suppose that TH = 80- 100 K obtained from the temperature dependence of Hall 
resistance RH(T) result from a compensation of the positive sign normal Hall effect component 
by the negative sign anomalous Hall effect component having linear dependence on magnetic 
field. To explain the origin of such compensation we propose a qualitative model based on the 
short range magnetic ordering in 2D phase segregated system composed from Mn enriched 
metallic “islands” connected by Mn depleted insulating “bridges”. We believe that obtained data 
stimulate further studies of spin polarized transport and magnetic proximity effect in FM/SC 
delta doped heterostructures.  
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Figure captions 
 
Fig. 1. (а) GaAs/δ<Mn>/GaAs/InxGa1-xAs/GaAs heterostructure with the Mn δ-layer remote from 
InxGa1-xAs quantum well. (b) X-ray rocking curve for the sample 2 (ds = 3 nm, NMn = 1 
ML). The dashed lines are experimental data, and the solid curves are calculation results. 
The points indicate the contribution of noncoherent diffuse scattering. (c) The profiles of 
the lattice parameter Δa/a variation for the sample 2 (а is the lattice parameter for GaAs). 
The dashed lines indicate errors.   
 
Fig. 2. Temperature dependence of normalized resistance for samples 1-4 with ds = 2 nm, NMn = 1 
ML (curve 1); ds = 3 nm, NMn = 1 ML (curve 2); ds = 5 nm, NMn = 1 ML (curve 3); ds = 3 
nm, NMn = 0.5 ML (curve 4). The curve number corresponds to the sample number. The 
inset illustrates the temperature dependences of resistance for samples 1 and 3 in logRxx vs 
1/T coordinates.  
 
Fig. 3. Temperature dependences of the Hall effect concentration (а) and mobility (b) of holes for 
samples 1 with ds = 2 nm, NMn = 1 ML (curve 1) and 3 with ds = 5 nm, NMn = 1 ML (curve 
2). 
 
Fig.4. Temperature dependence of the hole concentration and mobility for the reference sample 4 
(ds = 3 nm, NMn = 0.5 ML).  
 
Fig.5. (а) Normalized dependences of the asymmetry resistance Ra and longitudinal resistance Rxx 
on magnetic field for samples 1 (ds = 2 nm, NMn = 1 ML) and 3 (ds = 5 nm, NMn = 1 ML) at 
5 K. The curves 1 and 1’ are the Ra(В) and Rxx(В) dependences for sample 1, respectively; 
curves 2 and 2’ are the Ra(В) and Rxx(В) dependences for sample 3. The insert illustrates 
occurrence of mesoscopic fluctuations of the non-diagonal component of resistivity tensor 
Rxy. (b) Dependences of the relative “displacement” (spurious) of Hall probes on magnetic 
field for sample 1 (curves 1, 1’) and 3 (curves 2, 2’) at 5 and 100 K.  
 
Fig.6. Dependence of the Hall resistance RH for the sample 1 (ds = 2 nm, NMn = 1 ML) on magnetic 
field at different temperatures: 30 К (curve 1), 50К (curve 2), and 100К (curve 3). Inset: 
the anomalous component of Hall resistance RH versus the magnetic field for the reference 
sample 4 (ds = 3 nm, NMn = 0.5 ML) at 32 К.  
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